Introduction
============

Spinal cord injury (SCI) is a catastrophic disaster which can result in irreversible severe disability including motor and sensory loss. A recent review of SCI shows an incidence of average 29.5 cases per million per year and more than one million patients suffer from paralysis caused by SCI.[@B70] As a result, severe disability and medical costs has become a burden to the patients with SCI, their families and community.[@B3][@B19][@B54] The primary causes of SCI by trauma are motor vehicle accidents, falls, violence, sports injuries, and industry-related injuries.[@B11] Most of the SCI patients are young men and the highest incidence of SCI is to individuals in the age range of 20 to 29.[@B18][@B47] Over the past decades, numerous treatments including medication, surgery, and rehabilitation therapy for SCI have been performed, but there were no sovereign treatment options for chronic SCI. After SCI, various unfavorable environments for recovery including release of inhibitory molecules and glial scar formation were reported. This environment pre-vents axons regeneration across the site of SCI. Therefore, there have been many clinical trials using stem cell to regenerate damaged spinal cord. Here, the authors review the overview of SCI and consideration for current aspects of clinical stem cell therapy.

Pathophysiology of SCI
======================

SCI is classified primary and secondary injury. Primary injury is caused by various external forces such as compression, contusion, or laceration. The most common types of SCI are contusion of the spinal cord by a burst fracture of fracture-dislocation of the spinal column.[@B62] Secondary injury is series of chain reaction which caused by the primary injury and these events occur from a few minutes to several weeks after SCI. Immediately following injury, cascade events including edema, decreased blood flow, vasospasm, free radical production, inflammation, excitotoxicity, lipid peroxidation, and ischemia provoke cell apoptosis.[@B43][@B58] Astrocytes also contribute to glial scar for-mation and these glial scarring not only prevent inflammatory cells infiltration but also interfere axon regenera-tion.[@B37] Moreover, tissue loss forms a fluid-filled cavity in which inhibitory molecules are upregulated and these result in a physical barrier to neuroregeneration.[@B17]

Various Types and Characteristics of Candidates in Cell Therapy
===============================================================

Characteristics of stem cell
----------------------------

Two important features of stem cells are differentiation capability to differentiate into various cell types and renewing ability. Additionally, stem cells secrete substances such as cytokine, growth factor, and trophic factor which promote neuroprotection.[@B26] There are a variety of stem cells according to the origin and differentiation capacity. Embryonic stem cells are pluripotent stem cells because of the ability to differentiate into three germ layers[@B44][@B66] and adult stem cells are multipotent stem cells because of the more limited ability to differentiate.[@B8][@B31][@B67][@B71] Stem cell therapy offers potential mechanisms such as replacement of neuronal cells, remyelination of axons, preservation of glial cells, and increased trophic molecules. Stem cells also have ability of angiogenesis, bridging of cavities, reducing inflammation, and stimulation of endogenous precursor cells for neuronal plasticity.[@B43]

Schwann cells
-------------

Schwann cells are the supportive glia in the peripheral nervous system and produce myelin sheath to peripheral axon. Schwann cells also support guidance bands for remyelination and axonal regeneration after nerve injury. Implanted Schwann cells in spinal cord can produce several neurotrophic factors that contribute to neuronal survival and to support axonal growth.[@B74] It was the first cells used in SCI animal models for promoting axon regeneration and investigated in a lot of preclinical SCI studies.[@B6][@B14] Saberi et al.[@B57] injected Schwann cells into the cavity around the damaged spinal cord in patients with complete chronic SCI. During a follow-up period, subtle improvement was observed in motor and sensory function. Safety of these cells was demonstrated and there were no malignant transformation or abnormal finding.

Olfactory ensheathing cells (OEC)
---------------------------------

The neurogenesis continues to take place in distal part of olfactory nerve and OEC can be obtained from olfactory mucosa,[@B41] which surround the axons of the olfactory neuron. Moreover, OECs have the ability to differentiate into non-olfactory cell types and can be good candidates for stem cell therapy. However, the results of clinical studies were not promising. Mackay-Sim et al.[@B40] reported the clinical study using these cells, but no significant neurological improvement was found after transplantation into injured spinal cord in human. Huang et al.[@B29] also implanted fetal olfactory bulbs around the damaged spinal cord site in 656 patients with chronic SCI and the follow-up magnetic resonance image (MRI) did not reveal any changes in the spinal cord.

Embryonic stem cells
--------------------

Embryonic stem cells are pluripotent cell which can differentiate into the 3 primary gem layers and these cells can develop into astrocytes, oligodendrocytes, or even neurons.[@B42] However, even though these cells are the perfect candidates for stem cell therapy, there are some ethical issues in using human embryonic stem cells because human embryos are required to obtain these cells. Additionally, malignant transformation is another important problem. Because of the risk of teratoma or other malignancy,[@B38] clinical studies using embryonic stem cells are not currently in progress.

Bone marrow derived mesenchymal stem cells (BM MSCs)
----------------------------------------------------

BM MSCs are multipotent progenitor cells which have the facility to differentiate into mesodermal lineages and induce trophic activities related to neural cells.[@B9] In addition, BM MSCs not only enhance neuronal protection but also reduce the inflammation and microglial reactivity by immunosuppressive feature.[@B1][@B46] Moreover, implanted BM MSCs can fill the cavity produced by the trauma in the spinal cord, producing bridge materials, enhancing axonal regeneration through the cavity.[@B27][@B61] The activation of intramedullary endogenous stem cell was known to occur by BM MSCs.[@B45] In addition, BM MSCs can be harvested from BM at the bedside and the use of MSCs can overcome ethical problems or rejection complications because MSCs are extracted from the patients\' own BM. Therefore, there have been many clinical studies using BM MCSs than other cell treatments. Park et al.[@B51] reported BM MSCs transplantation therapy in patients with SCI into the site of SCI and six of ten patients showed motor improvement of the upper extremities.

Strategies for Optimizing the Therapeutic Effect of Stem Cell
=============================================================

Administration route and location of injection
----------------------------------------------

Determining the appropriate transplantation route for stem cells is important for the treatment efficacy. Intravenous, intrathecal and direct intramedullary injection are representative methods for transplantation of stem cells. Intravenous injection and intrathecal injection are less invasive than intramedullary injection. These methods use the homing effect: implanted stem cell can move to the injured area. According to the reports on animals, intrathecal injection is more effective for stem cell engraftment to the injured site compared to intravenous injection.[@B2][@B53] However, intrathecal injection needs large stem cell numbers for them to reach in the injured spinal cord with the appropriate amount of cells, and subarachnoid adhesion may play as an obstacle for the cells which reach to the target site.[@B40] The chronic stage of SCI in which the wound-healing process has ended, does not have homing effect. Therefore, direct injection into the injured site is most effective method for delivering stem cells even though possibility of cerebrospinal fluid leakage, intramedullary hemorrhage or additional neuronal damage in chronic SCI.[@B51]

In case of intramedullary injection, it is important to decide the point of injection for stem cells implantation. Proximal spinal cord above the injured area is the favorable site for the survival of stem cells, but there is a limitation to inject an appropriate volume of stem cells because of high tissue pressure and the risk of normal spinal cord damage. On the contrary, a sufficient amount of MSCs can be injected in the cavity area at the injured level, but this area is hostile environment for the survival of MSCs due to lower vascular perfusion. In addition, the injection into the contused cavity is good for the resolution of glial scars and bridging for axonal regeneration. Therefore, Park et al.[@B51] performed MSCs injection into both the normal proximal spinal cord and the injured area to take the advantages of both sites. In addition to intramedullary injection, they applied additional subdural stem cells to increase the cell numbers with the hypothesis that subdural stem cells would migrate into spinal cord by the homing effect that would be newly developed from intramedullary injection.

Timing of stem cells transplantation
------------------------------------

Generally, acute phase is defined as the first three days after SCI and chronic phase is defined as more than 12 months after SCI. Subacute phase is defined as the period between acute and chronic phase. Spontaneous neurological recovery rise rapidly during the first three months and plateaued at 12 months after SCI.[@B16] Immediately following the SCI in the acute phase, several secondary injury cascade by reactive oxygen free radical, excitatory transmitters, and inflammatory molecules produce cytotoxic environment for implanted stem cells.[@B25] In addition, hypoxic condition caused by hypoperfusion also is hostile to implanted stem cells.[@B64] In case of the chronic phase, glial scar tissue acts as a physical barrier which interfere with axonal regrowth and there are some reports about less axonal growth in the chronic stage compared to acute or subacute phase.[@B28][@B65][@B72] In several reports which used rodent models revealed that decrease of neuronal growth and production of injury-induced growth stimulating proteins in chronic SCI.[@B35][@B60] Thus, it is difficult for implanted stem cells to survive in chronic SCI. In contrast, in the subacute phase, the inflammatory response is reduced and the glial scar formation has not formed. The subacute phase also showed better cell survival when stem cells were injected rather than acute phase.[@B49][@B52] Therefore, the subacute phase seems to be an optimal phase in the respect of timing of stem cell application.

Other strategies to improve survival and function of implanted stem cells
-------------------------------------------------------------------------

Park et al.[@B51] previously described clinical trial using multiple BM MSCs injections and revealed that motor improvement in 60% of patients. However, the authors\' phase II/III clinical trial using single BM MSCs showed disappointing results which showed motor improvement in only 2 of 16 patients even though we used the same amount of stem cells between previous and current phase II/III clinical trials. Therefore, multiple injections may be more effective than single injection therapy. Moreover, some strategies using supplement material for stem cell survival have been tried currently. For example, a combination of trophic factors including epidermal growth factor (EGF), fibroblast growth factor type 2 (FGF2) and platelet-derived growth factor (PDGF) enhanced the survival of implanted cells.[@B23][@B30] In addition, granulocyte macrophage-colony stimulating factor,[@B72] chondroitinase[@B5] and gene modification of cells for secreting supportive molecules[@B61] have been proposed as the alternative method.

Evaluation Tools of the Therapeutic Effect
==========================================

Neurological examination and evaluation of an activity of daily living (ADL)
----------------------------------------------------------------------------

It is the most basic method of evaluation for significant neurologic recovery is to examine the strength of each joint segment objectively. Neurological motor examination is usually conducted according to the International Standards for Neurological Classification of Spinal Cord Injury[@B32] Moreover, this neurological improvement is to assess wheth-er they lead to improve an ADL. Various scales to evaluated ADL in SCI including Katz Index of Independence in ADL,[@B69] functional independence measure,[@B50] quadriplegia index of function,[@B21] and modified Barthel Index[@B68] had been proposed.

Electrophysiological (EP) studies
---------------------------------

EP studies such as somatosensory evoked potentials and motor evoked potentials can also use to identify the effect of stem cell treatment. In several animal studies, EP demonstrates close affinity between neurological recovery and EP change after cell therapy.[@B13][@B22][@B48][@B56] Similarly, in human clinical trials, EP was also used as a measurement for neurological improvement, and showed the relevance to the neurological outcome.[@B12][@B33][@B63] However, this association did not equally be observed in all studies.[@B34][@B39][@B51] In authors\' present clinical trials, some patients with motor improvement showed EP changes, while these changes also has been observed in patients without neurological improvement. Therefore, we assumed that the EP change is a necessary condition for significant motor improvement but not a sufficient condition.

Diagnostic imaging study
------------------------

Imaging study is also performed by a MRI with T1-weighted images, T2-weighted images, and T1 contrast-enhanced imaging before and after stem cell therapy to evaluate a change caused by treatment. Previous several studies have reported various MRI finding after stem cell therapy. Park et al.[@B51] reported that some finding including widening of cord diameter, blurring of intramedullary cavity margin, and appearance of fiber-like streaks pattern at the injured spinal cord revealed in neurologically improved patients. Other authors reported that same finding of increases in the diameter of the spinal cord on MRI were more frequently seen in the stem cell therapy group than in the control group, but the difference was not statistically significant.[@B72] Even though such changes in MRI findings tend to be detected in patients with neurological improvement, those findings could also occur in patients without neurological improvement. In order to improve these disad-vantages of conventional MRI, the authors conducted diffusion tensor imaging (DTI) in current phase II/III clinical trial. DTI can perform accurate visualization and assessment of white matter tracts and also discriminate differences between MRI and clinical status in central nervous system disorders such as stroke, multiple sclerosis, and various demyelinating diseases.[@B36] DTI is also known to be useful for the prediction of neurological recovery in SCI patients.[@B10][@B15][@B55] In authors\' present clinical trial, two patients who had neurological improvement showed appearance of fiber continuity at the injury site in the cord while there were no change in patients without neurological improvement ([Figure 1](#F1){ref-type="fig"}). Therefore, the appearance of fiber continuity on DTI which was not seen before stem cell therapy may be an indicator of axonal regeneration in stem cell therapy.

Other evaluation techniques
---------------------------

Another important point in stem cell research is that it is hard to monitor the status of the transplanted stem cells in the body. In other words, it is difficult to determine the survival, migration, and the exact location of the implanted stem cells. Accordingly, cell labeling techniques for *in vivo* visualization using biological indicator or contrast agent has been recently studied. Typical examples are supermagnetic iron oxide (SPIO) particle by using MRI[@B4] and radionuclides by using positron emission tomography or single-photon emission computed tomography.[@B59] In particular, many studies which use stem cells labeled with SPIO particle has been discussed in many animal experiments, clinical trials.[@B7][@B20][@B24][@B73] These studies are likely to be a future standard of stem cell treatment because it allows the *in vivo* identification of implanted stem cells.

Conclusion
==========

Currently, there have been a numerous clinical and experimental studies showing positive results in terms of functional improvement with stem cell treatment in SCI. Even though the exact mechanism stem cell therapy is still unknown, various designs of SCI trials should be performed. Human SCI trials are very difficult to enforce eas-ily because of some limitations. First, SCI is very heterogeneous in cause and severity, and design of randomized control trials is also complicated. Second, comparison between treatment and control group is probably impossible because of ethical aspects. At last, in terms of safety and efficacy, the result of animal experiments cannot be applied to the human directly.

However, stem cell therapy in SCI provides a clue to solve the challenges which modern medicine cannot treat. A lot of basic research and clinical trials has already been tried using stem cell therapy and promising results have been also reported. If stem cell therapy in SCI is established, it will have a great progression on other incurable degenerative central nervous system disorders.

The authors have no financial conflicts of interest.

![(A) Discontinuity of white matter fiber on pre-treatment diffusion tensor imaging (DTI) (arrow) (B) remained on DTI 6 months after mesenchymal stem cells injection (arrow). DTI evaluated at 6 months after the operation (D) revealed newly generated continuity in fiber signals (arrowhead) compared to preoperative DTI (arrowhead) (C).](kjn-12-40-g001){#F1}
